Pure gravity mediation (PGM), with two free parameters, is a minimalistic approach to supergravity models, yet is capable of incorporating radiative electroweak symmetry breaking, a Higgs mass in agreement with the experimental measurement, without violating any phenomenological constraints. The model may also contain a viable dark matter candidate in the form of a wino.
Introduction
Because of the rather strong constraints on sparticles masses from the LHC [1] , mass spectra with larger sfermion masses have become more relevant [2, 3] . Even simple models like the constrained minimal supersymmetric standard model (CMSSM) [4] cannot avoid sfermion masses larger than about 1 TeV. Although large sfermion masses strain one of the original motivations for supersymmetry (SUSY), there are benefits to considering models with heavier sfermions. Once we give up the notion that the sfermions and gauginos must have similar masses, models such as the CMSSM can be further simplified. For example, models such as pure gravity mediation (PGM) [5] [6] [7] [8] [9] [10] can be formulated in terms of a single parameter. This reduction in parameters is even more tantalizing because it comes with a solution of Polonyi problem [11, 12] , which has plagued many models based on supergravity (SUGRA) [13, 14] . In addition, if these theories are expected to originate at some UV scale, they should also account for electroweak symmetry breaking (EWSB) and this is most elegantly done radiatively [15] .
The minimal model of pure gravity mediation (PGM) assumes a flat Kähler potential which gives universal sfermion masses equal to the gravitino mass, m 3/2 . The gaugino masses are generated from anomalies and so are loop suppressed relative to the sfermion masses [16] . The B parameter is set by SUGRA, B 0 = A 0 − m 3/2 , and it is assumed that there is a treelevel Higgs bilinear mass term µ. In PGM models, the A-terms are generated by anomalies and are small enough that we can ignore them. Thus, effectively, we have B 0 = −m 3/2 . Using the measured value of M Z , µ and the ratio of the Higgs vacuum expectation values, tan β, are determined by radiative electroweak symmetry breaking leaving the single free parameter as m 3/2 . Because the EWSB parameters are overly constrained, this simplest of models fails to achieve radiative electroweak symmetry breaking.
There are several ways to relax the constraints coming from radiative electroweak symmetry breaking. The simplest choice is to add a Giudice-Masiero (GM) term [17] [18] [19] to the Kähler potential, which was considered in [8] . The GM term in the Kähler potential combined with a tree level µ 0 in the superpotential allows the total µ and B to be completely independent parameters and radiative electroweak symmetry breaking can occur. In practice, one can trade the GM term for tan β and use the EWSB conditions to determine the GM coupling. This leaves two free parameters, m 3/2 and tan β. Because the Higgs mass has now been measured [20] , only one of the two parameters can be adjusted independently. As it turns out, even in these two-parameter models of PGM, tan β is highly restricted and achieving a large enough Higgs mass is non-trivial. The constraints on tan β can be further relaxed if the Higgs soft masses are allowed to deviate from their universal value [9] . In this case, tan β becomes relatively unconstrained and a larger Higgs mass is achieved relatively easily.
In each of these variants of PGM, the lightest supersymmetric particle (LSP) is usually very wino-like. To get a thermal relic wino dark matter candidate, mW ≃ 3 TeV, m 3/2 needs to be about 450 TeV. With m 3/2 this large, detection of the particle spectrum implied by these models at the LHC is very unlikely. Even if we abandon hope for discovery at the LHC, the large annihilation cross section of wino dark matter is in tension with gamma-ray observations of the Galactic center in the Fermi-LAT and the H.E.S.S. telescope [21] , although there is still some ambiguity in the dark matter profile at the Galactic center. This has put the natural dark matter candidate of PGM under pressure and motivates alternative candidates for dark matter.
There are several ways to get additional dark matter candidates. One possibility is to add vector-like multiplets [10, 22] . For example, by adding either a 10, 10 pair, or pairs of 5 and 5 multiplets, one affects the beta functions for the standard model gauge couplings. As a result the commonly adopted ratios of gaugino masses at the GUT scale in anomaly mediated models, M 1 : M 2 : M 3 = 11 : 1 : −3, is altered by adding (N 5+5 + 3N 10+10 ) to each term (remembering a factor of 5/3 for M 1 ). At low energies, it becomes possible for the bino (or gluino) to become the LSP.
A simpler possibility is realized if the Higgs bilinear mass µ is chosen to be small enough so that the Higgsino is the LSP. We will explore this option in the context of several simple models. In PGM with radiative EWSB, we consider m 3/2 and tan β as free input parameters, and use the EWSB conditions to solve for the GM coupling, c H and tree-level µ-term, µ 0 , while maintaining full scalar mass universality. The effective µ-term is given by µ 0 + c H m 3/2 and the effective B-term is given by Bµ = B 0 µ 0 + 2c H m 2 3/2 . If we choose µ as a third free parameter we must allow the Higgs soft masses to differ from m 3/2 though in this case, we may keep m 1 = m 2 as in NUHM1 models [23] . In this case, it is possible to get radiative EWSB and have a Higgsino LSP which is a good dark matter candidate. Although, this does fix the dark matter problem it does present other problems. A GM term forces the operator H u H d to have an R charge of zero. Where on the other hand, a supersymmetric bilinear term in the superpotential prefers H u H d to have R charge of two. Although, it is possible to generate a Higgs bilinear mass from non-renormalizable operators, which can meet the R charge constraints and keep a GM term, without a model to justify these non-renormalizable operators it is less appealing.
Instead, we may also consider the presence of a tree-level µ-term in the superpotential with no additional GM coupling in the Kähler potential. Supergravity effects will then generate a B term given by B 0 = −m 3/2 . In this case, we must allow the two Higgs soft masses to independently differ from m 3/2 in order to the satisfy the electroweak symmetry breaking conditions, much like NUHM2 models [24] . As a related option we can assume no tree-level µ 0 in the superpotential and assume that both µ and B are completely determined by a GM term, c H , in the Kähler potential. In this case, µ = c H m 3/2 and B = 2m 3/2 . As we will see, neither of these models will help us obtain Higgsino dark matter.
A possibly more appealing solution, is to consider additional candidates for dark matter other than the SUSY LSP. One good candidate for this is the axion. If we consider a DFSZ [25] axion, the Higgses are charged under the PQ symmetry. The Higgs fields can then couple to the PQ breaking fields which will generate independent µ and B terms. In [26] , it was shown that this mechanism combined with a vanishing GM term allows for radiative electroweak symmetry breaking. It can also produce a viable axion dark matter candidate if the relatively high scale for PQ breaking is generated before inflation and if one employs some novel techniques to solve the problem of isocurvature perturbations. Another possible way to solve the isocurvature problem is to consider a lower PQ breaking scale with PQ breaking after inflation. As long as N DW = 1, PQ breaking after inflation is not problematic. Since the the PQ breaking field are still coupled to H u H d , they will again generate independent B and µ terms. However, these models will require additional SU(3) charged fields to be coupled to the PQ breaking fields so that we get N DW = 1. Since we wish to preserve gauge coupling unification, we will only consider additional SU(3) states which are embedded in representations of SU (5) . Because the PQ breaking scale is much smaller in these models, it will generate a µ term that is quite small. In fact, one of the telling signatures of these types of models would be a TeV scale Higgsino. For the models of PQ breaking we will consider [27] , the F -terms for the PQ breaking are relatively large which leads to independent µ and B terms. However, since we will also couple these fields to additional representations of SU (5), these models will also have modified gaugino mass spectra [10, 22] . In fact, the wino mass can be heavier than the bino mass.
Our paper is organized as follows: In the next section, we consider simple models within the context of PGM with small µ-terms. While we maintain sfermion mass universality, we do allow for some non-universality in the soft Higgs masses in order to satisfy both the EWSB conditions and the supergravity boundary condition on B 0 . As we will see, in the absence of a GM term, the above conditions are too restrictive to allow for solutions with low µ (ie. a Higgsino LSP), even when the additional freedom afforded by non-universal Higgs masses is allowed. Similarly, if the µ term is assumed to arise solely from a GM term, the resulting relations between B and µ prevents us from obtaining acceptable solutions. If instead we allow for both a µ term in the superpotential and a GM term in the Kähler potential, we can obtain interesting solutions with low µ and Higgsino dark matter. In this case, it is sufficient to require a single non-universal Higgs mass (m 1 = m 2 ). In section 3, we will consider models with a small µ term, and possible Higgsino dark matter, which arises from the dynamics of the theory. These models in particular incorporate a PQ symmetry and can also lead to an axion and/or Higgsino dark matter candidate. Our conclusions are given in section 4.
PGM Models with low µ
One of the basic assumptions of PGM is that there are no fundamental singlets in the SUSY breaking sector. This has little effect on the scalar masses, since they are generated in the Kähler potential and are proportional to operators composed of holomorphic and antiholomorphic fields. The gaugino masses, on the other hand, come as corrections to the gauge kinetic function. The gauge kinetic function, which contains the gaugino fields, can only couple to operators forming singlets. Since there are no fundamental singlets in PGM, the gaugino masses are forbidden to leading order. The leading order contribution is then a one-loop mass induced by anomalies. Gaugino masses are thus much smaller than the sfermion masses. The A-terms also tend to be quite suppressed without a singlet in the SUSY breaking sector and so can be ignored.
Here we will assume the sfermion masses are universal at the GUT scale, given by the gravitino mass, m 3/2 . The GUT scale is defined by the renormalization scale at which the electroweak gauge couplings, g 1 and g 2 are equal. The strong gauge coupling and the MSSM Yukawa couplings are all fixed at the weak scale. A full set of renormalization group equations are run between the weak and GUT scales. We minimize the Higgs potential at the weak scale and the two minimization equations determine two of the parameters in the electroweak sector. In the standard CMSSM with universal Higgs masses (m 1 = m 2 = m 3/2 ), the electroweak breaking conditions are used to determine µ and B leaving tan β free. In the more restrictive mSUGRA models [28] , one must employ the boundary condition B 0 = A 0 − m 3/2 thus requiring a solution for tan β from the EWSB minimization conditions [29] . Somewhat more freedom is allowed if one allows one or both of the Higgs soft masses to deviate from universality [30] . These CMSSM-like models are known as NUHM1 (when m 1 = m 2 ) [23] or NUHM2 when both Higgs soft masses are allowed to be free [24] . In NUHM models, one can treat either µ or the Higgs pseudo-scalar mass m A as free parameters in the NUHM1, or both µ and m A as free parameters in the NUHM2 and use the minimization conditions to solve for m 1 and/or m 2 . In the analysis that follows, we will keep µ a free parameter and use the electroweak breaking conditions to determine two of the parameters B 0 (or equivalently a GM coupling), m In the simplest viable model of PGM, it is assumed that the Higgs bilinear mass µ had R-charge 2. In this case, the Higgs bilinear mass could be generated in the superpotential,
because m 3/2 has 1 R-charge 2. For this model where the R charge of H u H d is zero, a Giudice-Masiero term is also allowed
The Higgs bilinear terms are then
In this case, B and µ are completely independent of each other and we have already imposed the supergravity boundary condition B 0 = −m 3/2 . Since we wish to keep µ a free parameter, we determine B and Higgs soft masses using the EWSB conditions. For now, we will take m 1 = m 2 (as in the NUHM1) at the GUT scale for simplicity. The conditions (3) and (4) allow us to take the input value of µ (run up to the GUT scale) and the derived value of B to determine µ 0 and c H . In PGM models with full scalar mass universality, it is possible to obtain, a Higgs mass compatible with the measured value for large m 3/2 (between 100-1500 TeV) for a limited range in tan β = 1.7-3 [8, 10] . For fixed tan β, as m 3/2 is increased, the Higgs mass is increased. The increase in the Higgs mass, m H , becomes very rapid as µ decreases and we approach the focus point [31] region. However, with the exception of the extreme cases where µ ≪ m 3/2 , we are not able to find regions with acceptable Higgs masses and a Higgsino LSP simultaneously.
Significantly more freedom is allowed in the NUHM even when the two Higgs soft masses are constrained to be equal [9] . In Fig. 1 , we show examples of µ, m 3/2 planes for fixed tan β = 1.8 and 2.2 as labeled. At each point on the plane, the EWSB conditions are used to solve for the B term (or equivalently the GM coupling) and the Higgs soft masses (assumed here to be equal at the GUT scale, ie. NUHM1). In the left panel for tan β = 1.8, the pink shaded region with m 3/2 < ∼ 200 TeV, is excluded as the low energy spectrum contains a tachyonic stop. In each panel, the dark red shaded regions, delineate the parts of the plane with a wino LSP. In the complement, there is a Higgsino LSP. There are two sets of contours in each panel. The orange dot-dashed contours correspond to a constant Higgs mass, and the light blue contours show the values of the LSP mass across the plane. The GM coupling and the ratio of Higgs soft masses vary very slowly with m 3/2 and are almost independent of µ. Figure 1 : The µ, m 3/2 plane for fixed tan β = 1.8 (left) and 2.2 (right). The pink shaded region is excluded as it contains a tachyonic stop. In the dark red shaded region, there is a wino LSP. In the remainder of the plane, the Higgsino is the LSP. Higgs mass contours, shown as orange dot-dashed curves, are given for m H = 122, 124, 125, 126, 127, 128, 130 and 132 GeV. The light blue contours give the LSP mass from 500-3000 GeV in 500 GeV intervals. When the LSP is a Higgsino, the contours are nearly vertical as the mass of the Higgsino depends primarily on µ, whereas when the LSP is a wino, the contours are nearly horizontal as the anomaly mediated wino mass depends primarily on the gravitino mass.
In the dark blue shaded regions, the LSP has a relic density Ωh 2 = 0.11−0.13 as preferred by recent Planck results [32] . The relic density in the Higgsino region depends only on the mass of the Higgsino [33] and the correct relic density is obtained when µ ≈ −1000 GeV and 1200 GeV, with a Higgsino mass just over 1200 GeV for both positive and negative µ (the difference between the Higgsino mass and µ is due to one-loop threshold corrections). These regions are seen as the vertical strips in both panels. At large |µ|, the wino is the LSP and can have the correct relic density when its mass is approximately 2.7 TeV at m 3/2 ≈ 800 TeV. In between these two extremes, the relic density can be obtained through coannihilation. These coannihilation strips are seen as diagonals blue strips 2 . In this model, Higgsino dark matter with the desired relic density is possible for both positive and negative values of µ. For tan β = 1.8, the region with acceptable dark matter occurs for values of the Higgs mass m H > ∼ 123 GeV and we find that m H = 126 GeV when m 3/2 ≃ 1 PeV. As tan β is increased, the Higgs mass increases rapidly. As one can see from the right panel of Fig. 1 , when tan β = 2.2, the Higgs mass is now greater than 127 GeV in regions with the correct relic density. At larger tan β, the Higgs mass is too large with respect to the experimental measurement. Thus the model is restricted to a very narrow range in tan β, but covers a large range in m 3/2 with values as low as ∼ 400 TeV.
An extended view of the µ, m 3/2 plane for µ > 0 is shown in Fig. 2 for tan β = 2.0. As in the previous figure, the pink shaded region at very low m 3/2 is excluded due to a tachyonic stop, and the pink shaded region in the lower right is excluded due to tachyonic pseudoscalar. Once again, we see a strip of Higgsino dark matter with m χ ≈ 1200 GeV running vertical near log µ = 3.1 This is connected to a thick strip of wino dark matter which runs towards high µ and high m 3/2 with m χ < ∼ 3 TeV. In between, we see again two strips near the border between a Higgsino and wino LSP due to coannihilations. Also plotted here is the contour where we have full scalar mass universality. This is seen as a black curve which is nearly horizontal near m 3/2 = 1.5 PeV and nearly vertical at log µ ∼ 5.2. The Higgs soft masses are largest in the lower left corner of the figure where they are approximately 1.3m 3/2 . To the right of the solid black contour, the Higgs soft masses decrease rapidly and they are only about 20% of the gravitino mass in the upper right corner. The dashed black contour shows the position of the GM coupling c H = 0. It is largest at the far right where it is approximately 0.3 and in the lower left where it is about −0.3.
Next, we look at another possible relationship between µ and Bµ. If for example H u H d has R-charge 2, the GM term is forbidden but the tree-level µ 0 is not. This is the same as mSUGRA with A 0 = 0. In this case, we get
In this scenario, B cannot be varied independently of m 3/2 and there is no longer sufficient freedom in the EWSB conditions to be able to vary tan β and µ if full scalar mass universality is imposed. However, if we allow both m 2 1 and m 2 2 to be free parameters, as in the NUHM2, the EWSB conditions can be met. Therefore, we are able to maintain the supergravity boundary condition on B 0 and choose µ at the weak and set the Higgs soft masses at the weak scale so that the EWSB conditions are met.
Examples of the µ, m 3/2 plane in this model are shown in Fig. 3 for tan β = 4 and 20 as labeled. In this case, the pink shaded region is excluded as it contains a tachyonic Higgs pseudo-scalar. This region arises because the one-loop correction to Higgs potential is large driving B to be very large when µ is small. To offset this large correction to B, the Higgs masses in the combination m 2 needs to be taken quite negative. Since this is the mass combination that sets the tree-level contribution to the pseudoscalar Higgs mass, m A tends to be tachyonic unless its one-loop corrections are large and positive. The other shadings and contours are the same as in Fig. 1 . When tan β = 4, only a small portion of the parameter plane with relatively small µ and small m 3/2 admits a Higgsino LSP. While we are able to obtain an acceptable Higgs mass in this region (as well as in the wino LSP region), the relic density is too small to account for the observed density of dark matter (the small blue shaded region at µ ∼ 100 GeV has a ∼ 10 GeV mixed neutralino and chargino and is not viable). Note that this is not a fatal flaw in the model, but it does require additional fields beyond the standard MSSM physics. At larger tan β the LSP mass is increased and we can find regions with the Planck inferred relic density. In the right panel of Fig. 3 , we show the plane for tan β = 20. Indeed we see regions with both Higgs and wino dark matter. However, in this case, the Higgs mass is far too large and it lies between 138 and 140 GeV, making this possibility unacceptable. Another set of possible relationships for B and µ comes from assuming H u H d has R-charge zero, but exclude or suppress the coupling of m 3/2 to H u H d . In this case the relationships for the EW parameters become
In this scenario, B is also set by m 3/2 . As in the previous case, we will set B and µ at the GUT scale and use the EWSB conditions to set the Higgs soft masses at the weak scale. This scenario is similar to the previous scenario. Since µ is very small and B is quite large, the pseudoscalar Higgs tends to have a tachyonic mass in regions where the Higgsino could be the LSP and a good candidate for dark matter. These features can be seen in Fig. 4 .
3 Peccei-Quinn Breaking and B and µ
As we have shown above, the models with a µ-term around the TeV scale are viable even for scalar masses in the hundreds of TeV to the PeV scale. A TeV scale µ-term like this can be achieved by, for example, assuming an approximate symmetry which forbids the Higgs bi-linear term at leading order. In general, this procedure eliminates a possible correlation between the µ-term and the gravitino mass m 3/2 and one of the salient features of pure gravity mediation, that there is only one additional scale other than the weak scale, is lost. Figure 4 : The µ, m 3/2 plane for fixed tan β = 2.5 (left) and 3 (right) with µ 0 = 0. The pink shaded region is excluded because the Higgs pseudoscalar is tachyonic. In the dark red shaded region, there is a wino LSP. In the remainder of the plane, the Higgsino is the LSP. Higgs mass contours shown as red dot-dashed curves as labeled. The light blue contours give the LSP mass as labeled.
As we will see below, it is possible to rectify this short coming in theories with naturally small Higgs bi-linear terms. One possible way to suppress the µ term is to assume that it originates from the breaking of the Peccei-Quinn (PQ) symmetry [34] via a dimension five operator [35] . Then, the size of the µ-term is determined by the PQ-breaking scale f P Q , i.e.
To achieve a µ-term at the TeV scale, we find that
Interestingly, in some mechanisms for breaking the PQ symmetry, this range for the PQ-breaking scale can be related to the gravitino mass. To illustrate this, let us start with the model of PQ-breaking in Ref. [36] . In this model, the PQ-symmetry is broken by the vacuum expectation values of the SM singlet fields P and Q, whose superpotential interactions include higher dimensional operators,
Here, λ and g are O(1) coupling constants and we have assumed that the PQ charge of P is −1, Q is 3, and H u and H d are −1. In PGM models, the PQ-breaking fields obtain soft masses of O(m 3/2 ). Then, if the squared soft masses of P and Q go negative (due to the renormalization group running effects of O(1) Yukawa interactions) 3 the PQ-breaking scale is given by
if Λ ∼ Λ ′ ∼ M P . The resultant PQ-breaking scale is only one order of magnitude larger than the required scale found in Eq. (10) . This separation can be easily removed if we further assume that the P and Q are composite fields resulting from some strong dynamics having a dynamical scale at around the Planck scale. In fact, by naive dimensional analysis [37, 38] the higher dimensional interactions between P and Q are enhanced, while the origin of the µ-term is intact, i.e. we expect that (4π)
which leads to a suppressed PQ-breaking scale
In this way, the required PQ-breaking scale can be successfully interrelated to the gravitino mass. It should be noted that the predicted B-term is O(m 3/2 ) with its exact size depending on the soft masses of P and Q (see the appendix). Let us note here that the axion predicted in this PQ-breaking model contributes to the dark matter density. In particular, axionic dark matter with the PQ-scale found in Eq. (10) can account for all the dark matter if the domain wall number of the PQ-symmetry (N DW ) is one and the PQ-breaking occurs after the end of inflation. In this case, the axion density mainly comes from the decays of cosmic strings [39] (see also Refs. [40] [41] [42] [43] ). This axion dark matter scenario is well motivated if the Hubble scale during inflation is very high, H I ∼ 10 13 GeV, as it is in chaotic inflation models. This scenario evades the severe constraints from the isocurvature fluctuation in the CMB [44] and can be made consistent with isocurvature perturbations. 4 An ongoing joint analysis of the Planck and BICEP2 data sets may support a high inflation scale if a non-negligible fraction of the detected B-mode polarization of BICEP2 [45] is due to primordial gravitational waves.
It should be noted that it is easy to make the PQ-breaking model in Eq. (13) to have N DW = 1, whereas the MSSM contributions is given by N DW = 6. For example, let us introduce additional 5 and5 pairs which couple to P and Q,
where we have taken the couplings to Q to be universal for simplicity. In this case, the contributions of the additional matter to the domain wall number is ∆N DW = −5, which leads to N DW = 1. Finally, let us discuss the effects of the additional 5 and5 on the gaugino masses. As the theory is run past the scale λ P P , for example, the 5 and5 are decoupled and likewise for the states coupled to Q. After all the new SM charged fields have decoupled, the coefficients of beta functions for the gauginos return to their SM value. However, there is also an additional threshold correction from integrating out these states which is added to the gaugino masses at the scale λ Q,P (Q, P ). This contribution is present because the F -terms of Q and P are non-zero. Although we added the full threshold correction given in [48] , an easier to understand and very accurate approximation can be found. Because the F -terms of P and Q split the scalar masses of the 5 and5 5 ,
there is a one-loop correction to the gaugino masses with the additional 5 and 5's acting as messengers. Using the standard gauge mediation calculation, we find that this contributes
to each of the gaugino masses. As should be clear from the discussion above, PQ symmetry breaking requires the mass squared of P to run negative. This can be achieved either through the coupling λ P in Eq. (15) or as in the original model developed in [27] which couples P to right-handed neutrinos through
In this case, not only does the coupling h N help drive m 2 P < 0, thus generating a vacuum expectation value for P , but this term also supplies a Majorana mass for N of the right size enabling the see-saw mechanism for neutrino masses. A similar model was recently considered in the context of the little hierarchy problem [49] . In the results presented below, we will use h N as the dominant mechanism for driving PQ breaking, but the coupling λ P would play essentially the same role. If in addition, the coupling λ Q in Eq. (15) were large, the RG evolution of m 2 Q would also run negative. However, in this case, there is the danger of generating unbounded from below directions if these masses are too negative. In fact if m 
However, if the one-loop Coleman-Weinberg potential for the Higgs sector is added, the potential becomes metastable as long as the vacuum expectation value of the Higgs can be stabilized near the weak scale. For this reason, we choose to take λ Q small, and set its value equal to 10 −3 thus ensuring that m 2 Q > 0. Note that Q picks up a vacuum expectation value due to an effective linear term as explained in the appendix.
Another complication of these types of models is EWSB. As discussed earlier, the PQ theory generates EWSB parameters with size
Because we are considering PGM, m 3/2 ≫ M Z , in order to get an electroweak scale vacuum expectation value for the Higgs, we need the magnitude of the determinant of the Higgs mass matrix to be at most of order m 2 , and the one-loop corrections may not help. This effectively places a lower bound µ for a given value of m 3/2 . This behavior can be seen in Fig. 5 where larger values of m 3/2 require larger values of µ to avoid a tachyonic Higgs pseudoscalar.
In Fig. 5 , we show two examples of the µ, m 3/2 plane. Here, we have chosen λ P = 1, λ Q = 10 −3 . As explained in the appendix, the axion decay constant, is proportional to (m 3/2 /λ) 1/2 , where λ is the non-renormalizable coupling in Eq. (11) . In the results that follow, we have set the axion decay constant to be F P Q = 5 × 10 10 GeV corresponding to an axion relic density sufficient to account for the dark matter. For m 3/2 = 100 TeV, we require λ = 0.19. Thus we should in principle require the LSP relic density to be small. However, our results for the supersymmetric masses are only weakly sensitive to the choice of the axion decay constant, and lowering the constant (by increasing λ) will not change the qualitative picture. In the left panel of Fig. 5 , we take tan β = 2.3 and we take tan β = 3.0 in the right panel. In both cases, we assume h N = 1.0.
The shadings and contours in Fig. 5 are the same as in earlier figures. In the red shaded region, the wino is the LSP and the neutralino mass contours are horizontal. In the unshaded area, the Higgsino is the LSP and the neutralino mass contours are vertical. As before, the blue shaded regions show the area where the neutralino relic density lies between Ω χ h 2 = 0.11-0.13. If axions make up the dark matter, then viable regions in the parameter space lie below the blue shaded area where the relic density is below the cosmic density. However, as noted above, if we lower the axion decay constant, then the blue shaded regions correspond to neutralino dark matter. Thus in this model, we can have either axion dark matter, neutralino dark matter, or a mixture of the two. 6 For tan β = 2.3, there is only a small region where the dark matter can be a Higgsino (at higher values of m 3/2 there is a tachyonic Higgs pseudoscalar). For larger tan β, more of the Higgsino strip is visible, though at an excessive value of the Higgs mass. In both panels, we again see a region where coannihilation determines the relic density. Between these two narrow (diagonal) strips, the relic density is small.
As one can see from comparing the two panels in Fig. 5 , the Higgs masses increase with increasing tan β. Unless tan β is relatively small, the Higgs mass will be larger than the 126 GeV measured at the LHC experiment. Second, the size of the tree-level contribution to the pseudoscalar mass, m A = 2Bµ/ sin 2β, increases as tan β increases. As a result, the value of µ necessary to get a positive mass squared for the pseudoscalar is smaller. This behavior is reflected in the figures where we see that the area of the pink shaded (excluded) region is smaller at higher tan β. If tan β < 2.3, the regions with Higgsino dark matter are ruled out.
As noted above, the coupling of the P field to right handed neutrinos plays an important role in determining the soft mass parameter of P and ultimately on the gaugino masses. In Fig. 6 , we vary h N between 1.5 and 2.0 as labeled. As it turns out, variations in λ P give very similar results. Variation in λ Q tend to produce little variation unless λ Q is order one, in which case, it tends to drive m 2 Q < 0 which has no stable minimum. So we will only present figures for variation in h N .
For small h N , the µ, m 3/2 plane is qualitatively similar to the case where B = −m 3/2 (seen in Fig. 3 ). For small h N , m 2 P is not driven very negative and so the vacuum expectation value of P , for a given value of λ tends to be small. This results in smaller threshold corrections from integrating out the additional 5 and 5 pairs and so we are in a case similar to that for B = −m 3/2 . As h N increases, m 2 P becomes more negative and so the vacuum expectation value of P becomes larger, for a given value of λ. This greatly increases the size of the threshold corrections from the additional 5 and 5 pairs. These corrections become so large that they completely cancel the anomaly mediated contribution to the wino mass. If h N is further increased, the wino mass becomes negative and can be larger than the bino and/or Higgsino. Because the two Higgsinos, the wino, and the bino are nearly degenerate for this case, we get a rich dark matter behavior we see in Fig. 6 .
In all four panels of Fig. 6 , we see that the Higgsino dark matter region extends down below the excluded pink shaded region and that points in that region have acceptable Higgs masses between 124 and 126 GeV. In all panels, we have a viable Higgsino dark matter candidate. Below that region, the Higgsino density is too small and we have axion dark matter.
7 When h N = 1.5, we see in the gaugino LSP region (shaded red), a new strip where the relic density is achieved with a bino LSP. Below this strip (at m 3/2 ∼ 50 TeV, the relic density is too high. As m 3/2 is increased, the wino and bino masses become more degenerate and the relic density drops. Above the dashed curve, the wino becomes the LSP. As h N is increased, we see that the bino and wino relic density regions approach and merge when h N = 1.65 and have effectively disappeared when h N = 2.0 where the gaugino region is now entirely bino-like.
Summary
Pure gravity mediation models are among the simplest viable phenomenological models of supersymmetry on the market. While much of the spectrum is quite heavy (the scalars are at the multi TeV to PeV scale), gaugino masses may still lie within reach of the upcoming run at the LHC. These models incorporate radiative electroweak symmetry breaking, and can accommodate a Higgs mass in the experimentally measured range of 124-126 GeV. In their most simple form, PGM models predict that the wino is the LSP and may yield the correct relic density when the gravitino mass is of order half a PeV. These results require a relatively narrow range for tan β around 2.
The minimal viable PGM model with two free parameters can easily be extended by allowing non-universal Higgs masses. Here, we have exploited this possibility to examine models with a relatively light (order 1 TeV) Higgsino. By allowing the two Higgs soft masses (m 1 = m 2 ) to differ from the gravitino mass at the GUT scale, we are able to allow µ to be a free parameter. For µ ≪ m 3/2 , the Higgsino may become the LSP and a viable dark matter candidate. In this case, the charged Higgsino is nearly degenerate with the LSP, and the discovery of a ∼ 1 TeV chargino along with a missing energy signal and no other superpartners, may point to models of this type.
The µ parameter is a known enigma in supersymmetric models, and here we have also extended the PGM model to incorporate Peccei-Quinn symmetry breaking which can explain the origin of the µ term. By coupling the PQ fields to a right handed neutrino sector, the origin of the large Majorana mass needed for the neutrino see-saw may also be explained. This model is rich with dark matter possibilities as it may either posses an axion dark matter candidate, a neutralino dark matter candidate in the form of a Higgsino, wino, or bino, or some mixture of all of the above.
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A Peccei Quinn Model
Here we discuss the details of the PQ breaking sector. The PQ breaking portion of the superpotential is given by
where Λ = M P /(4π) 2 . The PQ charge of P is −1 and for Q it is 3. We have neglected the Yukawa couplings for the fields P and Q with the additional 5 and 5's which can be found in the text. From here on, we will also neglect the Higgs fields as they will be a small perturbation to what we consider here. If we now include supersymmetry breaking affects, we get the PQ breaking potential
If the Yukawa couplings of P are large enough, the RG running will drive m 2 P negative inducing P Q breaking. Once a vacuum expectation value of P is generated, the term proportional to m is effectively a linear term for Q. This effective linear term for Q destabilizes the origin for Q, and as we will see below, gives Q ∼ P . From here on out we will assume P and Q are real. The minimum is found by solving the equations
To simplify the expressions we take m . We also take m = m 3/2 which is set by mSUGRA. We now solve for the vacuum expectation values at the minimum.
There, solutions take the form
where Z is the solution of
Generically, Z will be of order one and we expect the PQ breaking scale to be of order
The expression for µ can be written as
From this we see that the order one variations of µ are set by g and λ. However, λ is set by imposing constraints on f P Q and so g determines µ. The PQ breaking scale is determined from the equation f P Q = P 2 + 9Q 2 . For example, for Z = 1/2 we find 
For Z = 1/2, we also get µ = −131 GeV g 1 0.19 λ m 3/2 10 5 GeV .
Next we look at the N DW . According to [51] , the instanton breaks the U(1) P Q to a Z N where
In the case of SO(10) unification this reduces to
where Q 5 = Q 10 = Q SM is the PQ charge of the SM fields and we get N = 6 for Q SM = ±1/2. To verify that we do indeed have a Z N symmetry we discuss the transformations of the different gauge invariant operators we consider. Each gauge invariant operator will transform as
under the Z N symmetry where Φ is any gauge invariant operator charged under the PQ symmetry. To understand how N relates to N DW , we examine the gauge invariant operators:
H u H d , P , and Q. These operators have P Q charges Q P = −1, Q Q = 3, and H u H d has charge 2, giving P → e i2πQ P /N P = e −i2π/N P , (34) Q → e i2πQ Q /N Q = e i6π/N Q ,
From these equations, we see that Q transforms under a Z N/3 subgroup of Z N , and H u H d transforms under a Z N/2 subgroup of Z N . However, because P transforms under the full Z N discrete symmetry, we have N DW = N and so for Q 16 = 1/2 we have N DW = 6. N DW can be changed by coupling additional colored states to P and Q. There are many possible choices if we allow for non-renormalizable operators. However, if we restrict our choices to only marginal couplings we find λ Q (5 1 5 1 +5 2 5 2 )Q + λ P P5 3 5 3 , which will give N DW = 1. Now we examine B terms in these models. The supergravity potential generates a soft breaking term of
which sets the scale of B to be of order m 3/2 unless there is some tuning. However, there are additional contributions to B because the F -terms of P and Q are non-zero giving the additional contributions
The F -terms for P and Q are
If we use the relationships above for P and Q we find
If we now take Z = 1/2 and y = 1, as we did above, we find B = −.92 m 3/2 .
Next we examine the contribution to the gaugino masses. The standard gauge mediation picture is to couple a pair of 5 and 5's to some spurion field
This interaction gives a contribution to the gaugino masses of
Since P and Q have non-zero F terms, their couplings with pairs of 5 and 5's will induce just such a term. In fact, we find a correction to the gaugino masses of
The contributions can be parameterized in terms of Z,
where the second equality is for Z = 1/2 and y = 1. For this value of Z and y, we get a contribution of
Since the change in the coefficients of the beta functions were increased by a factor of 3 due to the additional 5 and 5's, this contribution completely cancel this contribution plus a little more. To leading order, the theory with this value of Z would have gaugino masses very similar to the standard MSSM case. However, as can be seen from Eq. (46), the gaugino masses scale with Z 4 . So if we increase Z a little the contribution to the gaugino masses will increase drastically.
